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Plan of the talk

<> Historical back ground and physics motivations

<> New results

- Initial state mechanism:

- Sivers fcn through weak boson production
- Final state mechanism:

- Transversity through Collins in jets

- Transversity through di-hadron IFF
- nuclear TMDs and saturation effects in pT+A

<> Future Plans

- Ultimate study of Sivers through Drell-Yan, weak bosons, photons
- First look at the GPD Eg though j/U->e*e in pT+pT

<> Conclusions
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The discovery of large asymmetries

_ . Left Theory (A,~10%)
Transverse single spin asymmetry [ Expected to be small
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Surprise! The asymmetries are nearly independent over a very wide range of Vs
June 7, 2016 S. Fazio - RHIC & EGS Users' Meeting 2016 3



Quantum tomography of the nucleons

Wigner distribution 5D

Gp
o ” O 3D
O'?/r
7~
2D+1 picture in momentum space 2D+1 picture in coordinate space
transverse momentum dependent PDFs generalized parton distributions
- SIDIS, Drell-Yan, weak bosons - exclusive reaction

x f1(x, k, St)

Rt

‘unpolar
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Motivations — Transverse Single Spin Asymmetry (A)

S, Transverse -
momentum A » S S
dependent N i =

k| Q>>Qr>=Agep S + S
Q>>py
P Sivers fer. Intermediate Qy

TMDs
need 2 scales

Q? and p;
Examples: DY, W/Z

June 7, 2016

Q>>Qr/pr>>Aqen

ANA

~—
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Collinear/
twist-3
Q. Qr>>Aqep
Pr~Q

>
Qr/Pr

M S kD) g =T q,F(x »X)

Efremov, Teryaev:;
Qiu, Sterman

Twist-3
needs only 1 scale
Q2 or p;

should be of reas. size.
Examples: Ay(n%/y/ jet)



How to study TMDs in p+p collisions
Final State

Twist-3 Collins Mechanism
' Ay as function of rapidity, E;, prand x; O asymmetry in jet fragmentation
for inclusive jets, direct photons Q n*/-n° azimuthal distribution in jets

O Interference fragmentation function

A\ for heavy flavour > gluon O Ay, for pions

Ay, as a function of rapidity, p; - Novel Twist-3 FF Mechanisms
for W+/-, Z9, DY Sp
Sp
kT
q
P S

p \
\A 7 ’?‘
Sensitive to correlations P :: -
Sensitive to \

proton spin —

parton transverse motion \ transversity x spin-dependent FF
not universal between SIDIS & pp universal between SIDIS & pp & e+e-
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RHIC — a unique opportunity!
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Test the TMD evolution and factorization

Different PDFs and FF can follow different evolution concepts

Evolution of 1d PDFs # evolution of TMDs # evolution of Twist-3

TMD evolution can be tested at RHIC
—>measurements of TMD observables for DY and W/Z
= measurements of TMD observables for vs: 200 & 500 GeV at fixed x;

TMDs and factorization

o(pp -> 2 X) ~ q(xy) + g(x,) + o9+ D™ (2)
Partonic hard scattering cross section = calculable in pQCD (process dependent)
Parton distribution functions (need experimental input)

Universal
Fragmentation functions (need experimental input) non-perturbative functions
Hard Scattering .
Process When color flow is in too many

directions:

factorization breaking
[Collins & J. Qiu '07; Collins '07; Rogers &
Mulders '10]
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Test the non-Universality of the Sivers function

QCD ’ DIS: yq scattering pPp: q/% annihilation
attractive FSI repulsive ISI
»-},* I\N\J\, a

Siversyrs = - Sivers (DY or W or Z)

The sign change of the Sivers function
a fundamental prediction from the gauge invariance of QCD

Experimental test is critical test for our understanding of TMD's and TMD
factorization = No sign-change? We have to rethink factorization!

Test through Drell-Yan process: COMPASS
(CERN), proposed SeaQuest (FermilLab)

» Needs strong background suppression, high lumi
» @ STAR in run 2017(PostShower upgrade)

Polar. weak boson production (only at RHIC)
» Very low background

» Very high Q?-scale (~ W/Z boson mass)
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A, for weak bosons

Lepton’s transverse momentum Boson’s transverse momentum
{: ﬂ..1: 110‘455_
0.08f i ] v
T 0.35- Yu=08
0.06 0.3F
: ﬂ[ 0.25;
ﬂ_ﬂ‘l: 0.2f
0.02} 015
A T 01F
n'“:i-\-; -------------------------------- - 0.05}
:...I..“I-....I.....I..ul.....h...I..-.I.....I... u:_.l....l....:....l....J....l....l....].“.
30354&4550555055?%1 05 1 1. zz,saa.ﬁqd
T

» Asymmetry from lepton-decay is small = Full kin. reconstruction of the boson needed

> 79 easy to reconstruct (but small cross-section)

> W kin. can be reconstructed from the hadronic recoil (first time at STAR)
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The TMD evolution & sea-quarks Sivers

Z.-B. Kang & J.-W. Qui arXiv:0903.3629 Z.-B. Kang & J.-W. Qui Phys.Rev.D81:054020,2010
-=:l.‘z 0.3 é_before evolution w- < 0 :__‘_I:_xefore evolution O Size of the TMD evolution
0.25F 0<d;<3 GeV ook X, 500 Gev effect still under discussion in
02f O ’ theory community
E 004}
0.15F [ )
o1 3 oosl  0<ay<t Gev For details see
. [;5; | 4<Q<9GeV J. Collins, T. Rogers,
F \ I brell-Yan Phys.Rev. D91 (2015) 7, 074020
D r |
T fE T R TR AT T RE R T NN, 0.1 b b b b b Lo e
2-15-1050 051 15 2 43 2 40 1 2 3 4
Yw y
-~ 0.3
< 0.9k Wo—=>1n U What is the sea-quark Sivers fct.?
- - Sea quarks are mostly unconstrained from
0-1§ existing SIDIS data... but they can give a
0\ relevant contribution!
: \ = W’s ideal = rapidity dependence of A
-0.1- separates quarks from antiquarks
L KQ [arXiv:0903.3629]
0.2 no TMD evolution .
E I:I Uncertainty on sea quarks l Wi- data Can ConStraln the Sea-quark
A o .
03705 0 05 Sivers function
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Measurement of TSSA for weak bosons @ STAR

Ingredients for the analysis

* |solated electron

* neutrino (not measured directly)
* Hadronic recaoil

W boson momentum reconstruction technique well tested at

FermilLab and LHC
[CDF: PRD 70, 032004 (2004); ATLAS: JHEP 1012 (2010) 060]

Phys. Rev. Lett. 116, 132301 (2016) > RHIC s the only polarized p+p collider. Its top
Editor’s suggestion energy is enough to produce weak bosons

[arXiv:1511.06003] > Selection of weak bosons well established at STAR

* Long. spin asymmetries:

‘e £ . . Phys. Rev. Lett. 113, 072301 (2014)
World’s first direct experimental phys. Rev. Lett. 106, 062002 (2011)

test of the sign change in the . unpolarized xsec:

Sivers function Phys. Rev. D 85, 092010 (2012)
» STAR’s first attempt to reconstruct the produced

boson’s kinematics
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Ay vs W-rapidity T——

We use the “left-right” formula to cancel 1 \/N N \/N N polarization
dependencies on geometry and luminosity ¥~ p p \/N N, +\/N N (p+p run 2011 tran.)

- V)
[Phys. Rev. Lett. 116, 132301 (2016) <P>=53%

z 1 1
< STAR p-p 500 GeV (L = 25 pb™) ] < [STAR p-p 500 GeV (L =25 pb™) & [ STAR p-p 500 GeV (L =25 pb™)
i <1 0.8-0.5<P) <10 GeVie 0.850.5<pP) <10 GeVie
a D.E;— 0. E;
—vy— T 0.4 0.4F
O'5: { —Y— == =‘= — C I -
C 1 0.2 0.2-
O_L--_/E_L'H:E'-‘m% ............................... “: “_
. 55 0.2F 0.2"
- - - + + E - -
Tt AW S 04 W Sy o4 EW STy
s BEW S 1I'n -0.6:— — KQ - no TMD evol. -0.6:— — KQ - no TMD evol.
r ) - EIKV - TMD evolved - EIKV - TMD evolved
[ 3.4% beam pol. uncertainty not shown 0.8 3.4% beam pol. uncertainty not shown 0.8 3.4% beam pol. uncertainty not shown
ST S T T IS T B ' _d: | 1 1 1 1 | 1 1 1 1 | _d: | 1 1 1 1 | 1 1 1 1 |
2 4 6 8 10 " 0.5 0 0.5 " 0.5 0 0.5
PT (GeVic) yW yW

Results versus rapidity are compared with:

 KQ model [Z.-B. Kang and J. -W. Qiu, Phys. Rev. Lett. 103, 172001 (2009)]
* |t does not include TMD evolution
e Grey band is the theory uncertainty

e EIKV model [M. G. Echevarria, A. Idilbi, Z.-B. Kang, I. Vitev, Phys. Rev. D89, 074013 (2014)]
* Includes the largest prediction for TMD evolution

e Grey hatched area represents the current theoretical uncertainty on TMD evolution
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The Sivers’ sign change (no TMD evol.)

z 1 1
< [ STARp-p 500 GeV (L =25pb™) < [ STARp-p 500 GeV (L =25 pb™)
08F 0.5 <P <10 GeV/e 08F 0.5 <P <10 GeV/e
0.6f 0.6}
0.4} 0.4}
0.2k 0.2E
OF 0
-0.2F -0.2}
-0.4F + -0.4f
0 6:— KQ (assuming ‘“‘sign change”) 0 6:— KQ (no “sign change”’)
~PF T Globalc?/d.of. = 7.4 /6 P T 7 Global c?/d.o.f. = 19.6 /6
-0.8 :_3.4 % beam pol. uncertainty not shown -0.8 :_3.4 % beam pol. uncertainty not shown
_1_ T R R R E R R B R | _1_ I R R R R S R B R |
-0.5 0 0.5 -0.5 0 0.5
[Phys. Rev. Lett. 116, 132301 (2016)] yW yW

A global fit to the (unevolved) KQ prediction was performed:

» solid line: assumption of a sign change in the Sivers function - Chi2/d.o.f.=7.4/6
» dashed line: assumption of no sign change in the Sivers function = Chi2/d.o.f. = 19.6/6

If there are no evolution effects,
our data favor the hypothesis of Sivers sign change
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The Sivers’ sign change (strong TMD evol.)

z0.6 z i
< [ STARp-p 500 GeV (L = 25 pb™) < | STARp-p 500 GeV (L = 25 pb™)

0al?’ <PY <10 Gev 0-35'05 <PY <10 Gev

T 0.6}
0.4f
0.2}
0- -
0.2]
-0.4f

0.2

EIKV (assuming ‘“sign change”)
-0.4- -0.61 Global y2/d.o.f. = 10.26/6
S ! EIKV (no “‘sign change”)

[ - Global y%/d.o.f. = 11.93 /6
_0.6 | 1 1 1 1 | 1 1 1 1 | _1 [ | 1 1 1 1 | 1 1 1 1 |

Size of the TMD evolution still uncertain
-> terms calculable from QCD + non-perturbative terms (need data)

A global fit to the EIKV prediction (largest predicted evolution effect):

* solid line: assumption of a sign change in the Sivers function - Chi2/d.o.f. = 10.26/6
* dashed line: assumption of no sign change in the Sivers function = Chi2/d.o.f. = 11.93/6

Our uncertainties are still too high to compare with predictions
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YV VYV

Events

C

Z° Asymmetry

lean experimental momentum

reconstruction

Negligible background

e

lectrons rapidity peaks within

tracker accept. (|n|< 1)
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[ STAR p-p 500 GeV (L =25 pb™)

[ 0.5<P% <10GeV/e

- 701"

E 3.4% beam pol. uncertainty not shown
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Final state mechanism: Transversity x Collins

o he (ko W, (0 k) S 0 B.2,8)DD2 (2, ;)

~

ur =

;= P! 200vs.500 GeV Comparison:

1 (ko ks) 1, (500 kr) S 0 DF (20, p 0 These measurements coupled with the
interference fragmentation function

pl+p >jet+m+ X (IFF) measurements at both 200 and

500 GeV are sensitive to the evolution

.e_I 0.05— .. >
~» | STAR Preliminary o ®  and universality of TMD functions.
=5 r ﬂ% 1 These results could be sensible to the
< ; + e size of potential factorization-breaking
o_— 777777 L ] Yo + 77777777777777777777777 % in Collins in p+p.
i 5 ? %  dependence of the Collins FF on pion
; : %’ ° transverse momentum (j;)
_005 __ Closed points: n*;IOpen points: | | L_L | What We See
— o Vs=200GeV, (pmet>=12.9 GeV/c _ .
0.05F- oo oy oo || © Non-zero Collins asymmgtry
= " % b A -> Access to transversity!
o T A L < Similar size asymm. in 200 and 500 GeV
-0.05 -> Small TMD evolution?
- 0 02 06 -> Cancellation in num/denom may
Z also be the key
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New surprise in Spin physics: a diffractive effect?

EM-Jet Energy = 40-60 GeV 60-80 GeV 80-100 GeV A f d_ f f # h
<ZO_O5'_ _"_+ STAR Preliminary T _'_g n Tor I TErl\elln; ¢ photons

- 1 I Iy In -Jets
. e e 17 %8 o ¢ I ¢ ¢ 18

0‘__8___;_99__3__;___(5 _______ i’;;_‘}g_@og-{y_é ..... + ....... %i; ........... i ............ SE O 1-photon events, which include
- 1 , i AR it a large O contribution in this

0.05- 1 ' T ' k analysis, are similar to 2-
i . ] photon events
e 0ge ® t ¢ Te g 1

0_'.--3_'a-e--‘---3------3__';__$_Q88_ O ;___- 0 0 P é._' S

[orTeTe T TR T 6 1~| QO Three-photon jet-like events

N - - T - - ——] have a clear non-zero
0.051 T T ] asymmetry, but substantially

- fhogt, o 0 I . & ] smaller than that for isolated
OF8-8-485-8..8. ... 81X %8 5--o-----L------?—:—gs-&-a ----- o ¥ Hw n%'s
0.05- 1 | | T | T 0 Ay decreases as the event
[ 1 % I : complexity increases (i.e.,the
i 1 I ] "jettiness”
0_‘&1'3‘8""'%""“"'*—__—"ggga""G“""'""“i—‘ {»333 """""" $'— = ! )
" T i ‘- O Several other Asym.
0.05h x>0 1 Several other syml for
[ oX:<0 | Jettier events are also very

f 14 $ ] small. Collins contribution is
o:—-i--%24-3-1—-—-8—-—-———5—:———-—%%-9——9 """ o """ié"’ """ $ LR ~1% over the entire x range

L1 . - - ' ' ! Jettier
4
2 3 4 5 6 2 4 6 8 pEM Jot ?GeV /C? events

» Sivers-type asymmetry in the jets is too small to explain ©°® asymmetry
> A, for n° may be dominated by hard diffraction: pT+p = n%+ p’+X

» Run 15 — STAR has collected data using RPs to measure forward scattered protons
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Transversity x Di-hadron IFF

[Bacchetta and Radici, PRD 70, 094032 (2004)]

'Eq'E 0.08f- P+p o1 +7 +X ¢ Ys=500 GeV
| STAR preliminary
0.06— " V5=200 Gev Sm(j RS I'l hl A
004 % ', (rs -> azimuthal angle between the proton
0.02[ % t spin and the di-hadron plane
- i $ .
0
- t
-0.02|
| | » Much improved statistical
L9 o.05F s
=, ooaE uncertainties!
2 0035 - - » Again... similar size asymmtry in 200
0.02F- ¢ ¢ and 500 GeV
0.01F
O——0.2 0.4 0.6 0.8 1 12 14 L6

M (Gev/c’)
What we see
Non-zero IFF (Interference Fragmentation fcn.) asymmetry in pp
-> A complementary way to access to transversity!
Signal enhancement around the p-mass region in both 200 and 500 GeV
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First polarized pA collisions @ RHIC

100 GeV
polarized proton

~ 100 GeV/nucleon
Au, Al

RHIC’s unique opportunities:

- polarized p™(d,He) A (Au, C, Cu, ...)

— A-scan unique to RHIC

- Energy scan to separate different underlying mechanisms

Things to investigate:

* Theory prediction based on QGP -> A decreases with increasing size of the nuclear target
* pQCD factorization based approach -> A remains the ~same for all nuclear targets
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Q* (Gevd)
8&

@ Very unique RHIC possibility pTA
O Gluon saturation signature in transverse single spin
asymmetries A
O Suppression is enhanced in nuclei
0 - A"g;
O Suppression of Ay in pTA provides sensitivity to Q,
arXiv:1106.1375 & arXiv:1201.5890
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o
©

1.4 pb'1 P = 60%, AP/P = 3.4% (correlated)
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First results from pTA @ STAR

STAR Run-15:
A, data for pTp, pTAu and pTAl at 2.8 <1 < 4.0
Initial state Final state o
?_ _____ 5 To BBC forward meson
VT — r spectrometer il

2 cluster distribution

1 70
-1 0.25 < x¢(m%) < 0.35
Ba | 3.55 < p;(°) < 4.05 GeV
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TSSA in d+Au

STAR: n® A, in pp and pAu at Vs=200 GeV

A, X=02 A, X=03 A, X=04
= F z [ = i
<0.02 M A, po < 0.05 | m A, pp <5.05h/ WA PP
0.015FL2 Au_PAY i i 0.04F (O A pAU 0'042_ O Ay pAU | ?
F 3 0.03F i
0.0% . : " g g 0.03;*5' ] Z 2
= 0.02F ;
0.005¢ o 2 T 0.02F = ¢
o * o.of ™ 5
[ STAR Run 15 i SJ&R Run15 0.01F SJAR Rur 15
i F =200 _GeV ; =200 GeV
_0'005; 0 Pr?elimir‘uar;f3 D_ F'rselir'ninar\:r3
: ‘ -0.0 ——— £
15 2 25 3 2 25 3 35 4 45 0.0 56
A, X=0.5 A, X=06 A, X=07
= = N = F
< 0.4 (WA, o <o.12f (A, pp <0.14F [ A, op
0.0k O Ay pAu 0. |9 A pAu 0.12F | QAu pAU
s . 0.1
s 0.08+ :
0-06;”35; o.06f iﬁ 0.08} %3 i i
0.04f ig # * U i * i 0.06F * 5
: 0.04f & ]
0.02f F 0.04f
[| sTer Run1s 0‘02;_ STAR Run 15 0.02F | star Run1s
OH Ys-200 Gev ob 1 ¥s=200 Ge oF w
_0‘02£ Preliminary T _0‘025” reliinry N —D_OEE—I F'relllmmary
2 3 4 5 6 7 8 2 3 4 5 6 7 2 3

P; GeV/c Pr GeV/c

Only minimal suppression effect observed for A in pAu
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Luminosity:
pAu= 204.6 nb!
pp= 34.8 pb!

<polarization>
pAu=60.4 + 2%
pp=55.6 + 2%

Shaded bands show the
systematic uncertainty,
dominated by the
dependence of Ay on
the BBC multiplicity =
central vs. peripheral
collisions
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Nuclear modification of TMDs

p' + p(Au) — jet + p* + X

VY
"'TI 0.05 | ® p+p, Vs=200 GeV (STAR Preliminary 2012)
b‘” | | o0 Vs = 200 GeV (STAR proj. stat. 2012+2015)
c I:—) B p+Au, \'s = 200 GeV (STAR proj. stat. 2015)
" L

<E B oAU, s = 200 GeV (proj. stat. 2023)

- Jet x; = 0.13

Closed points: p*; Open points: p’
-0.05—

0.2 0.4
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Collins FF in p+Au

Analysis of run 15
data ongoing...

First study of a
nuclear
modification of a
spin observable,
ever!
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Sivers future program at STAR?

Present results, obtained with a pilot sample of 25 pb show a proof-of principle

Full kinematic reconstruction of weak bosons is possible at STAR

All we need is more data!

How strong is the TMD evolution?

What is the contribution to the Sivers
function from sea-quarks?

Conclusive test of the Sivers’ sign change
Precise measurements suitable for 3D

Run 17 - Assumptions:

integrated delivered luminosity of 400 pb

- 13 weeks transversely polarized p+p at
510 GeV

—> electron lenses are operational and
dynamic -squeeze is used throughout
the fill

- smoothed lumi-decay during fills

+ 20
z g/IYeas:rsﬁsz(?r. o VIVt,Z ’ —> reduced pileup effects in TPC =
&l , £"give Q" evolution high W reconstruction efficiency

- W?give sea-quark Sivers
- All four processes give sign change

imaging of protons in momentum space
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The future: A, of Weak bosons at STAR

=z 0.2 = - Z i . .
- F STAR projections < .3 STAR projections < 0 4;_S TAR projections
0.15L L(del.) = 400 pb” " L(del.) = 400 pb”’ “*t L(del.) = 400 pb™
015—'—W+—>I+v 02F—— W -oTv 03F —e— 2% ' 1
: : 020
0.05:_ 0.1~ 0 1i i
- u T Sl U —
L g e I ------------- 0
-0.05- _0_1:_ _0'15_ i
C arXiv:0903.3629 - —0.2F —  arXiv:0903.3629 (no TMD evolution)
0.1 no TMD.E\I'O'U“Q“ :_ arXiv:1401.5078 C [ ] Uncertainty due to TMD evolution
C Uncertainty i -n'z— TMD evolved -0.3F [ ] Uncertainty on sea quarks
-0.15- . . |:| Uncertainty on sea quarks - arxiv:1401.5078 (TMD evolved)
’ E |:| Uncertainty on sea quarks _0_3'_ inty au —0.4 |:| Uncertainty on sea quarks
_.n.z_ 1 1 1 | 1 1 1 1 | B | 1 1 1 1 | 1 1 1 1 | I I \ I I \
-ﬂ 5 0 0.5 0.5 0 0.5 —0 5 0 0.5
w w z
y y y

Large statistics will allow us to

> Precisely measure Ay for Ws within - - ”
a few % in several P, y bins. RHIC plans to deliver ~400 pb

> Measure the very clean Z° channel. transverse p-p in 2017

» Test sign change if evolution is less
than factor ~5
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The future: Ay of Drell-Yan at STAR

» Very Challenging: (RHIC QCD WP arXiv:1602.03922)
- QCD background ~10°>-10° larger than DY cross-section
- Probability of wrongly identifying a decay electron to
be suppressed to ~0.01% while maintaining efficiency
in identifying electrons

» COMPASS (CERN) and proposed E-906/SeaQuest (FNAL)
pursue the investigation of TMD through this process

» STAR can measure it... after an upgrade
- A forward Post-Shower detector will be installed

behind the the FMS detector and its Pre-Shower
1

- : 0.0
o S
post-showe f Drellm\ S < of und

STAR projected _0.02 jnal

™, 500 GeV

The expet'fgarﬁé'?a‘éo 00af 200GV '0'01;_
background after- O 1 -0.02F
: 4<Q<9 GeV 2003 _
The proposed forward-dete %[ :
: [ KQ: Phys.Rev.D81:054020,2010 -0.04 Pl bind
post-shower) provides the 0 el 4-32-1012 34
to allow our measurement y Y i

Von Mar 9 14:44:35 2015 Inv Mass / GeV
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The future: A of direct-photons at STAR

< P x@soeyss ]| Ay for direct photon production:

0.04L_STAR FPS&FMS: P=55%, Ldt=400 pb”"

[ sensitive to sign change, but in TWIST-3
0.02— formalism
‘ ] not sensitive to TMD evolution

0—e /T[/___/ 1 no sensitivity to sea-quarks; mainly u, and d, at
high x

-O-OT 1 collinear objects but more complicated
| | | | | | | evolutions than simple DGLAP
I ~x. W indirect constraints on Sivers fct.

How do we access the sign change? 2
If the correlation due to different color _deklu ﬁﬂ(x,kiﬂ
interactions for initial and final state between the
Sivers fcn and the twist-3 correlation fcn in the k;
integral would be violated, the asymmetry would
be positive but the same magnitude

siprs= T, p(X:%)

@ Not a replacement for a A\ (W*/, Z°, DY) measurement
but an important complementary piece in the puzzle
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- The future: j/ in pT+pT UPC

p? Trigger on:

~—r - 2 EM showers in STAR calorimeters ( j/J = e*e”)
- hit in either Roman Pots (RPs)
- no BBC activity (ensure its a diffractive event)
RPs acceptance:
- 0.19< |t]| <1.9 GeV?
- detects either/both protons from:
Ef&“’é’ilfr - source of photon (lower |[t])
- target of photons (higher |t])
L Projected statistics: ~“11k events in run 17

Jiy rapidity

600

Events per 400 pb '
8
=]
[

]
=
I

300

» Run 17: large pT+p™T sample to be collected, Ly,=400pb!
> through transverse asymmetry A ;; -> Access to GPD Eg -> proportional to the gluon
orbital angular momentum Lg

> A,;202>Egz0> Lg=0
» This is the only way to look at the GPD Eg before the construction of an EIC
(unique at RHIC!)
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05 |/ | p+p. Is= 200 GeV (Preliminary 2012)

The longer term future: mid-rapidity observables

Transversity x Collins

e o) it X @ 200 GeV in 2015&2023 and 500 GeV in 2017 / 202X:
p'+ p(Au) > jet + p +

(
Wl 5= 200 Gev (pro. stat. 2012+2015)
= ptp, (s =500 GeV (Preliminary 2011)
(

I |l o+ 5 = 500 Gev (roj stat. 2017)

LT

- Jetx; ~0.13 ) \

| Closed points: p*; Open points: p’

L1

0.01]— Vs =500Gev

o
T T

02

[ P pojet+pteX

. hi<1 <pne(> =10.6 GeVic

| 2011 Stat. Uncert.

g et ety

0.1 0.2 0.3 0.4 05

z
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- STAR
D .

~0.01 | Proj. Stat. 2017

10 20 30 40 50

Particle-jet P, Particle-jet P,

5 To have high precision data at
different Vs

— constrain TMD evolution

- fixed x and Q2 = p; different
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The longer term future: forward-rapidities

@ 200 GeV in 2023 and 500 GeV in 202X = 2021:

— 500 GeV: access high x and jets at forward rapidities
Transversity x Collins FF

01 — E

-l
1) L L + -
E 10<n <20 . 10<n <20 i 10<n <20 " Torino 2007
P05 3.0<P,, <40 - 40<P,, <50 - 50<P, <70 | * Soffer Bound
e e e - .
i r i 7" Torino 2007
005F rhe bk ke —ae— ——— Fore re rde o —a ——— Forao ro rde —ae ——— -
i : S n" Soffer Bound
g A S - e
- <x,>=0. L <x,» =0. - <x,> = 0. - -
-l].l_ 2 r 2 N 2 . h 268 pb1
TP U FY I U Y I DU B | o U IR EIPE U PR SR I S B | A P IS DU SO BT T PP ST
go1r n " o
@ L L L
E | 20<n <30 : 20<n <30 i 20<n <30 : 20<n <30
o5t 3.0<P,, <40 - 40<P,, <50 - 50<P, <70 - 70<P,, <9.0
ofas ﬂ,____...--—--f—f——fff—ﬁ»-___:—,__ﬁ L mamemres ——__|F p— .
e —— L —— A L =
-D.05 PP e Corar vkt bk i —h——— P —k—— L i FHFh:!l_—H — &
. <1 =0.1353 F <x> = 0.1500 <x> =0.1830 <x> = 0.2665
ok <x,> = 0.0073 C <x,> = 0.0082 C <x,> = 0.0104 C <x,> = 0.0168
N I T Y Y IR NN I PR I | Y P T TS P SR I PR P I | A P T PN SNSRI P PP | 0 T P PN P S S P R
g0 C o C
a . o r -
E _ 3.0 <“ial < 4.0 i 3.0 «:'qIal < 4.0 : 3.0 <r-|ial < 4.0 : Sq 5;}1; < 4.0‘_\“
P05 30<P,, <40 - 40<P, <50 - 5.0 <P, <70 - T Tes<P <00
L T e L e T L T — L Lo
: -~ | s N N -~
o= — 2 — _
L0.05F e T P P P = "“'W’:“i_’__‘:'”/_‘_' L »—.n.-' [T S — »—m—_,/'/
- <x> = 0.2818 a <x> = 0.3059 E <x,> = 0.3518 - Texp> = 04908
0aF <x,> = 0.0045 ol <x,> = 0.0052 C <x,> = 0.0067 L <x,>=0.0136 .~

et bt b ol B b b b b Gl Bt e b b b ol Bl L i v L L L
01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
z z z

@ At 200 GeV: A for charged hadrons - rigid test on Twist-3 FF
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The longer term future: STAR forward upgrade plans

d What is needed (Hardware):
» wide acceptance mid-rapidity detector with good PID
» forward rapidities (1 < n < 4.5) Ecal + HCal + charge identification

For details see:

— RHIC Cold QCD Plan
- https://drupal.star.bnl.gov/STAR/system/files/FCS_FTS-proposal_20160119 final_0.pdf

Ecal:
reuse PHENIX Ecal (PbSc)
o./E~8%/VE

Hcal (PbSc):
design a la STAR fHCal and EIC fHCal
o./E~70%/VE

Tracking (Si):
4-6 strip-disks

Add to existing STAR at rapidity
25<n<4.5
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Conclusions

e RHIC is the world’s only polarized collider -> unique opportunities

* STAR has recently released exciting results in transverse-spin physics

World’s first experimental test of the non-universality of the Sivers function
through measuring A, of fully reconstructed W* and Z° bosons

Understanding the final state mechanism using jets and di-hadron IFF -> two
ways to access quark transversity

first investigation of nuclear TMDs and saturation effects in pT+A

* RHIC run 17 data (up to L~400 pb-!) can give statistical significance to:

Pin down TMD evolution

Investigate the contribution from sea-quarks to the Sivers fcn.

Ultimate test of the Sivers’ sign change if the size of the evolution effect is
less than a factor 5, STAR is the only experiment that can measure A for v,
W+, Z9, DY, all in one venue, simultaneously!

Study the GPD Eg through measuring A, of j/U in p+p: the only opportunity
before the realization of an Electron-lon Collider

Longer term goals for further investigation of Saturation, Collins, transversity
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Summary of the program

Year 15 (GeV) Delivered Scientific Goals Ohbservable Reguired
Luminosity Upgrade
2017 pp @510 400 pb” Sensitive to Sivers effect non-universality through TMDs Ayfory, W=, Z° DY Ay™": Postshower
12 weeks and Twist-3 T, qfx,x) to FMS@STAER
Sensitive to sea quark Sivers or ETQS function
Evolution in TMD and Twist-3 formalism
Transversity, Collins FF, linear pol Gluons, ATDSs—2¢n) sinldegp) oo None
Gluon Sivers in Twist-3 T T inieg .
tions of 4" In jets, A for jets
First lock on GPD Eg Ay for I m UPC None
w | 2023 p'p @ 200 300 pb™ subprocess driving the large A4 at high xzand n Ay for charged hadrons and flaver Yes
= 8 weeks enhanced jets Forward instrum.
5 properties and nature of the diffractive exchange in Ay for diffractive events None
= pt+p collisions.
= 2023 | p'Au@ 200 1.8 ph™ What is the nature of the initial state and hadronization in R, direct photons and DY Rpu(DY):Yes
a 8 weeks nuclear collisions Forward instrum.
E Nuclear dependence of TMDs and nFF A-:;;{ﬁs-«*m modulations of A* in None
" jets, nuclear FF
Clear signatures for Saturation Dihadrons, y-jet, h-jet, diffraction Y.E‘S
Forward instrum.
2023 p'Al @ 200 12.6pb™ A-dependence of nPDF, R, direct photons and DY Rps(DY): Yes
8 weeks ) Forward instrum.
ﬂl.-d.epﬂldeuce of TMDz and nFF A*;;‘l{'ﬁr*#h:' modulations of A% in Noneg
jets, nuclear FF
A-dependence for Saturation Dihadrons, y-jet, h-jet, diffraction Yes
Forward instrum.
200x% p'p @510 11/ TMDs at low and high x Ay for Collins observables, e Yes
< 10 weeks hadron in jet modulations at =1 | Forward instrum.
g ? quantitative comparisons of the validity and the limits of mid—arau;idit? Nomne
= = factonization and universality in lepton-proton and proton- )
| = proton collisions
- 200X pp @ 510 1.1 ™ Agix) at small x Ap; for jets, di-jets, hiy-jets Yes
10 weeks at p=1 Forward instrum.

e~ e oo trie e D e -
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The structure of a proton

1980s 1990/2000s now

Today we know that a proton (nucleon) is a very complex object!
What is the dynamic structure of the nucleons?

Nucleon imaging: How are sea quarks and gluons and their spin distributed \

in space and momentum inside the nucleon?
2D+1 picture in momentum and coordinate space

How are these quark and gluon distributions correlated with the over all
nucleon properties, such as spin direction?

What is the role of the motion of sea quarks and gluons in building the nucleon spin?

Visualize color interactions in QCD
understand deep aspects of gauge theories revealed by k; dependent distributions

/66 ¢
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Transverse momentum dependent PDFs &FFs

observable: azimuthal modulations do

L/ L0 1:CC mtiol CTNTC —— Al I Vo Y | h

/ example: ij correlation of nucleon’s transverse spin \
II//"

Sivers function Iwk with the krof an unpolarized quark

;’J ~> sin(¢, —¢,) modulation

Fup @k, ) = fulayit) — SUEXED p1 )

\ unpolarised TMD Q Sivers function ‘i&, y

eonspin (o) quarspn Leading Twist TMD FF
N d U L T
RS SR Uul Dy
HE @ = Cr |- @
Apraeses & S I
§ T|fi= - o= - " Trans:ersity
O Qeb-0 |l i ot |t B
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Motivations — The TMD evolution

Z. Kang: original paper arXiv:1401.5078

Z.-B. Kang & J.-W. Qui arXiv:0903.3629

Z T I <‘:z 0.06
- before evolution after evolution
03 w- 0.04f
0.25 ;_ D{qT{S GeV 0 02 s
0.2F - W
: +~10 0f
0.15fF —_
- -0.021
01F C
- -0.04 |-
0.05F C
: - ‘ \‘\\\\‘\\\\‘\\\\\ ‘ ‘
n;_ | | | | | | | O 06
-2-15-1-050 05 1 15 2
Yw
Z.-B. Kang & J.-W. Qui Phys.Rev.D81:054020,2010 Z. Kang et al. arXiv:1401.5078
< 0 }_kg(_afore evoluticin {Z 001 g after evolution DY
[ \.500 GeV OF
0.02 | 200 Gev \ ™. = ~4 C
004 o -
i i T
o006 0<qg, <1 GeV ﬂ'{:}_ -
I 4-Q<9 GeV i 4<Q<9GeV
008 003 :_ 0<g;<1 GeV
| _[I{:H_ I I||||I||||I||||I||||I||||I||||
e b b b b b L -
0'1-43-2 4 0 1 2 3 4 432‘]{}1234
y Yy
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=

Very strong
evolution effects

size of the effect still
under discussion
in theory community

For details see

2-15-1-050 05 1 15; Talk by J. Collins in this session

and
J. Collins, T. Rogers,

Phys.Rev. D91 (2015) 7,

074020
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Data & MC

Monte Carlo

— PYTHIA reconstructed through
GEANT simulated STAR detector

—> Perugia tune with hard P; > 10 GeV

- PYTHIA embedded into real zero-
bias pp events

Data sample

* pp — transverse (collected in 2011)
@ V500 GeV

* Integrated luminosity: ~ 25 pb

* Events triggered in Barrel EMCAL

Signal Background

W ey, W 2 tv, 2ev,y,
Z Pee
QCD events
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PYTHIA tuning

ﬂ PY. TUME A kt=1 ckin{3}=0.5
S 500 e PY. TUNE AKE=1 chin(31=1.0
E ------------- PY. TUNE A kt=1 ckin{3)=5.0

—— = PY. TUNE A ki=1 ckin{3}=10.0

PY. Parugial ki=2 ckin{3}=1

PY. Parugial kt=2 ckin{3}=5

PY. Perugial ki=2Z ckin{3}=10

RhicBOS 500 GeV

300

Altarelli et al. 530 GaV

#* UA1 530 GaV

......................................................................................................

200

P LT T T
v ]

HIIN|

E

1007 e

T =L

bodd H H
gL - :

L H P T -
-,_ e R
| - & -

B i

IIIIIII|III|III|III|III|IIIIII iJ_'F‘T

2 4 6 8 10 12 14 16 18 20
PY (GeV)
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Electron identification

Isolation: (Ptrack+Ecluster) / 5 [ptracks jn R=0.7 cone] > 0.8

We calculate energy from the cluster :

* Imbalance: no energy in opposite cone (E<20 GeV) ur 00F . 1
2 50—M a
* E; > 25 GeV 3 F .
© 40 1= 1
* Track [n| <1 8 sk -
e |Z-vertex|<100 cm 200 : 10
* Charge separation (avoids charge misidentification): 10" I
- 1

0.4 < |Charge (TPC) x E; (EMC) / P, (TPC)| <1.8
* Signed P; balance > 18 GeV/c (rejects QCD Background)
* 0.5GeV/c<P;W<10GeV /c

2
N
o
I
o
®
S

Primary track Meanx 3468

Meany 05768
RMS x 5.876

2
~

RMSy 0875
Integral 17485
o| so0| @

of 1748 o
3

g : i i 0 1% 20 40 60
) 20 40 60 80 fstectron
E; 2x2 cluster
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* normalized to record

Background estimation

Background from W and Z boson decays estimated via Monte Carlo
* PYTHIA 6.4 with Perugia 0 tune

ed data luminosity

Data-driven QCD background estimation
* Reverse of P;-balance cut [PT-balance < 15 GeV] - Selects QCD events

* Plot lepton-P; > 15 GeV

* QCD sample normalized to the first P;-bin [15-19 GeV]

3

10" E

2] N
c T E Lt S et n e STARdata
s U oee—es ©  ---- PYTHIAMC+Bg
L L pEptTmemeeeT T “*,. EJPYTHAW*>tn,
= : (-~ [ PYTHIA Z°-> e'e
- i r*- XX] data driven QCD
Sl T T Lle-
10 é_ B | V7 I |_|_I_‘_
- xvxvxyxy:\x\‘ — 1 ! 1
_ L oY -d-
1= L, I T I_'l'_l l |
E i ] N |
- ﬂ o X @m , ,| :' . -
3 : ! - -
5 LW —>en,
©10° o |
E - '_._:. —.:—-.-‘=.-l-‘..l‘-_.:l
_ TTA- o
i '--re-
10 ! i
= oy
[ 55 ] L
= 7 m G
20 40 60
J - PS (GeV/c)
une 7,

® Positive-charge signal 1016 events
m70 Dee [B/S=0.79% £ 0.03%]

" W* 2 tv, [B/S =1.89% * 0.04%]

" QCD [B/S =1.6% + 0.09%]

®* Negative-charge signal 275 events
70 Dee [BfS=2.67% 1 0.1%]
"W 2tv, [B/S=1.77% % 0.1%]

" QCD [B/S =3.39%  0.23%]

Backgrounds under control!
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W P, — Data/MC

We add to our selection:

* Track-P; in the recoil > 0.2 GeV

* Total recoil-P; > 0.5 GeV

| W+ sample |
©  400F
c - | e STAR 2011 tran.
() r —T—
Z 350f
r PHYTHIA
300F
250F| k=
2004 |
150 o
100 .
50 -
_.__\:'——\__.__
% 10 15 20
W Boson PT
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Mean

RMS

Underflow

Overflow

Integral

5.329

3.902

0

53

1171

W+ sample

Events

80

40f%

20

1200

1 OO __ .............................. |

e STAR 2011 tran

I:I PHYTHIA

50
W Boson PZ

GOOD data/MC agreement after P; correction
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Mean -1.479

RMS 29.14

Underflow 82

Overflow 64

Integral 1078
a4




Summary table

AW/, Z0) An(DY) AN()
sensitive to sign yes yes no
change through
TMDs
sensitive to sign no no yes
change through
Twist-3 T ¢(x,Xx)
sensitive to TMD yes yes no
evolution
sensitive to sea- yes yes no
quark Sivers fct.
need detector no yes yes
upgr'ades at minimum: FMS pre-showers

postshower installed for run-15
biggest experimental integrated luminosity background need to still proof
challenge suppression & analysis on data

@ integrated luminosity
An(W+-,Z9) clean probe sensitive to all questions without

the need for upgrades



